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A B S T R A C T

Chronic obstructive pulmonary disease (COPD), a progressive inflammatory disorder, is also known as a systemic
inflammatory disease, in which the gut-lung interaction plays an important role. The use of non-digestible
oligosaccharides (NDOs) has gained attention in airway diseases due to their systemic effects on inflammatory
markers. Here, the preventive effects of specific non-digestible oligosaccharides (GOS/lcFOS/lvPectin) were
investigated in a murine lipopolysaccharide (LPS)-induced emphysema model. Nasal LPS-installations were used
to induce emphysema in male BALB/c mice. Two weeks prior to the first LPS challenge, mice received GOS/
lcFOS/lvPectin (9:1:2) mixture by gavage (25mg NDOs/200 μl PBS) five days a week until day 28. The LPS-
induced neutrophil influx in bronchoalveolar lavage fluid (BALF) decreased by>60% after intervention with
GOS/lcFOS/lvPectin and the development of lung emphysema, measured by mean linear intercept, was pre-
vented. Macroscopic examination of heart tissue revealed that GOS/lcFOS/lvPectin pretreatment attenuated the
LPS-induced increase in right ventricular heart hypertrophy. In summary, GOS/lcFOS/lvPectin prevented
characteristic features of COPD in the LPS-induced lung emphysema model. Since no therapy is available to stop
or prevent development of COPD, oligosaccharides may have potential to be used as stand alone or in combi-
nation with other anti-inflammatory nutrients or drugs to diminish disease progression in COPD.

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a common and
progressive respiratory disorder characterized by persistent respiratory
symptoms, airflow limitation, chronic bronchitis and emphysema.
According to the World health organization (WHO), COPD was the
main cause of worldwide morbidity and mortality in 2012 and by 2020
it is estimated to rank third in worldwide mortality [1]. The primary
cause of COPD is first and secondhand smoking (including passive ex-
posure). LPS is present in high concentrations in tobacco and can be
partly attributed to the emphysema-like changes [2]. Other risk factors
may include indoor and outdoor air pollution, and frequent lower re-
spiratory tract infections during childhood.

Smoking-induced inflammatory reactions in the airway lead to the
recruitment of inflammatory cells such as, neutrophils, macrophages, T
lymphocytes and dendritic cells. These inflammatory cells release

proteases, reactive oxygen species, chemokines and cytokines. This
leads to the destruction of alveolar walls accompanied by airway re-
modeling processes, resulting in a loss of airway functional character-
istic of pulmonary emphysema [3,4].

Accumulating evidence reveals that lung inflammation and airway
remodeling are not the only manifestations of COPD, and in recent
years COPD has been recognized as a systemic inflammatory disease
[5–7]. Exactly how and why COPD patients develop systemic in-
flammation is not known yet. One potential explanation could be that
airway inflammatory processes spill over into the systemic circulation
leading to systemic inflammatory reactions. It is also possible that in-
haled toxic substrates enter the circulation and induce systemic in-
flammatory responses leading to comorbidities, such as vascular disease
[8,9]. Another explanation might be a disturbed intestinal integrity
often found in patients with COPD. Compared to healthy elderly sub-
jects, COPD patients show increased levels of markers for intestinal
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permeability at rest, which were even enhanced during activities of
daily living [10]. Moreover, markers of disturbed intestinal integrity
were even further enhanced in COPD patients suffering acute exacer-
bations compared to stable COPD patients [11]. Both hypoxic damage
and circulating inflammatory mediators are thought to contribute to the
loss of epithelial integrity due to alterations in tight junctions leading to
a reduced enterocyte interconnectivity and increased intestinal per-
meability [12].

Accumulating data indicate that dietary fiber intake play a role in
the incidence of COPD. A low dietary fiber intake is associated with a
reduction in lung function [13], while a high-fiber diet can reduce the
risk of COPD incidence [14,15]. The precise mechanism of action is still
largely unknown, but most likely it is a combination of the stimulation
of beneficial bacteria in the gut, the production of fermentation-derived
short-chain fatty acids (SCFA) and the direct effects on intestinal epi-
thelial and immune cells [15]. Regardless, intake of dietary fibers is
associated with a reduction in inflammatory markers systemically, but
also locally in the lungs [16,17].

Various lines of research have shown that specific fibers, including
non-digestible oligosaccharides (NDOs), can have immunomodulatory
properties in various diseases and conditions, such as allergy, infec-
tions, cancer and HIV [18–22]. Other studies using a mixture of dif-
ferent types of oligosaccharides, including galacto-oligosaccharides
(GOS), fructo-oligosaccharides (FOS) and pectin-derived acidic oligo-
saccharides (pAOS) have shown possible beneficial effects on the in-
fant’s immune system [23,24]. GOS, oligosaccharides based on the milk
sugar lactose, are widely used in infant formulas and resemble oligo-
saccharides that occur naturally in human breast milk [25]. FOS, in-
cluding fructose oligomers, can be obtained from many plants and ve-
getables, such as chicory [26]. GOS and FOS are of interest due to their
prebiotic and potential immunomodulatory effects [27]. Pectin is the
source of POS in natural products, such as citrus and apple peel, pulp
from potato, sugar beets and carrots and other sources [28]. Fermen-
tation experiments show that pectin is not degraded in the small in-
testine, but more or less completely fermented by the colonic micro-
biota in a multistep process. During this fermentation process of pectin,
consisting of chains of α-1,4 galacturonic acid, POS monomers are
formed [29]. In literature, POS monomers are often referred to as pAOS,
which have been found to have immunomodulatory properties [20]. A
diet containing short-chain galacto-oligosaccharides (GOS), long‐chain
fructo‐oligosaccharides (lcFOS) and pAOS was shown to reduce airway
inflammation and hyperresponsiveness following an antigen challenge
in a mouse model of allergic asthma [30]. Similar results were obtained
in a mouse model of cow’s milk allergy. Here, a mixture of GOS, lcFOS
and pAOS was shown to reduce the allergic effector response via in-
duction of the anti-inflammatory components interleukin-10 (IL-10),
transforming growth factor β (TGFβ) and T-regulatory cells (Treg) [31].
In addition, POS have been shown to have anti-inflammatory and an-
tioxidant properties which can be considered health promoting func-
tions [32].

These findings lead us to consider a dietary intervention with spe-
cific non-digestible oligosaccharides in a mouse model of COPD [33].
We hypothesize that supplementation of a diet with GOS, lcFOS and
low viscosity pectin (lvPectin) would reduce LPS-induced lung in-
flammation and by doing so, ameliorate inflammation-associated

emphysema.

2. Materials and methods

2.1. Animals

Male BALB/c by JIco mice (6 weeks old) of specific pathogen free
quality were obtained from Charles River Laboratories, Someren, the
Netherlands. The mice were housed in groups and kept in two cohorts
in macrolon cages (6 mice/cage) with sawdust bedding. Mice were held
in a light/dark cycle of 12 h/12 h, controlled relative humidity and
temperature with ad libitum access to tap water and pelleted food.
Upon arrival, all mice were randomly allocated to the control and ex-
perimental groups: control group with PBS gavages, PBS group with
GOS/lcFOS/lvPectin gavages, LPS group with PBS gavages, LPS group
with GOS/lcFOS/lvPectin gavages (n=5–12).

All experimental procedures were approved by the Animal
Experiments Committee (DEC-consult, Utrecht, The Netherlands) and
complied with the principles of good laboratory animal care following
the EU-directive for the protection of animals used for scientific pur-
poses.

2.2. Dietary interventions

All mice were fed standard rodent diet and were acclimatized for 7
days. Fourteen days prior to the first PBS or LPS administration (day
-14), a GOS:lcFOS:lvPectin mixture (9:1:2) with GOS prepared from
lactose (Friesland Campina, Amersfoort, the Netherlands), lcFOS iso-
lated from chicory (Orafti, Wijchen, the Netherlands) and lvPectin
containing 88% non-digestible dietary fibers isolated from apple
(Herbapekt SF-50-A-LV, HERBSTREITH & FOX, Neuenburg, Germany)
or PBS (control) was administered orally via gavage (25mg NDOs in
200 μl PBS) 5 days per week till day 28 (Fig. 1).

2.3. LPS-induced lung emphysema

LPS from Escherichia coli serotype 055:B5 was obtained from Sigma-
Aldrich (St. Louis, MO). Mice (n= 12/group) were anesthetized by
isoflurane inhalation and LPS (5 μg in 50 μl PBS/mouse) was in-
tranasally administered to the mice twice a week for 4 weeks (day 0, 3,
7, 10, 14, 17, 21 and 24) to induce lung emphysema (Fig. 1), while the
control mice received intranasally PBS (50 μl/mouse) [33]. At day 28
mice were euthanized by intraperitoneal pentobarbital overdose
(Nembutal, Ceva Santé Animale, Naaldwijk, the Netherlands).

2.4. Growth pattern

Body weight of the individual animals was recorded once a week
(day –14, -7, 0, 7, 14, 21, 28). Results are presented as growth (%).
Growth (%) was calculated as:

[(body weight day X - body weight day -14)/body weight day -14] *
100%; X= -7, 0, 7, 14, 21, 28.

Fig. 1. Time schedule of the LPS-induced em-
physema model. PBS or LPS was intranasally
administered to the male BALB/c mice twice a
week for 4 weeks (day 0, 3, 7, 10, 14, 17, 21
and 24). Fourteen days prior to the first PBS or
LPS administration, a mixture with PBS or
GOS/lcFOS/lvPectin (9:1:2 ratio) was ad-
ministered orally via gavage (5 days/week). All
mice were sacrificed on day 28.
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2.5. Bronchoalveolar lavage (BAL)

After euthanasia, a cannula was inserted into the trachea and lungs
were lavaged 4 times with 1mL pyrogen-free saline (0.9% NaCl, 37 °C)
in situ. The BAL fluid was centrifuged (400 × g, 5 min at 4 °C), and total
numbers of BAL fluid cells were counted under light microscopy using a
Bürker-Türk chamber (magnification 100×). Differential BAL fluid cell
counts were conducted on cytospin preparations stained with DiffQuik™
(Merz & Dade A.G., Düdingen, Switzerland) and cells were identified as
macrophages, lymphocytes, and neutrophils according to standard
morphology. At least 200 cells per cytospin preparation were counted,
and the absolute number of each cell type was calculated [22].

2.6. Mean linear intercept (Lm)

A separate group of mice was used to analyze lung emphysema by
assessing the Lm on lung sections after euthanasia. Briefly, mice were
exsanguinated by cutting the caudal vena cava to prevent the blood
flow into the bases of the lungs. A cannula was inserted into the tra-
chea, lungs and heart were removed en bloc, and lungs were inflated
via the cannula by gentle infusion of 10% formalin (Merck, Darmstadt,
Germany) at a constant fluid pressure of 25 cm for 5min. Lungs in 10%
formalin were immersed for at least 24 h. The right lung was embedded
in paraffin (Stemcowax, Adamas Instruments, Rhenen, the Netherlands)
after dehydration in graded ethanol series followed by xylene [34].

Subsequently, sections of 5 μm were cut at 200, 400, 600, and
800 μm in dorsal ventral plane. The sections were placed on poly-l-ly-
sine-coated glass slides and deparaffinized using xylene and ascending
ethanol series. All sections were stained with hematoxylin & eosin ac-
cording to standard methods and were dehydrated in graded ethanol
concentrations and xylene before being coverslipped with DePeX
(Serva, Heidelberg, Germany).

Morphometric assessment of emphysema, included determination of
the average interalveolar distance, was estimated by the Lm analysis. Lm
is the most common morphometric method to assess lung emphysema
in animal models [35–38]. The Lm was determined by light microscopy
at a total magnification of ×100, whereby 24 random photomicro-
scopic images per lung tissue section (6 images per depth) were eval-
uated by microscopic projection onto a reference grid. By dividing total
grid length by the number of alveolar wall-grid line intersections, the
Lm (in μm) was calculated.

2.7. Right ventricular heart hypertrophy

The heart was isolated, and the right ventricle (RV) was completely
separated and removed from the lower heart with use of a dissecting
microscope. The RV and left ventricle plus septum (LV+S) were
weighed separately after having been blotted dry. The ratio of RV to
LV+ S weight was used as index of right ventricular hypertrophy.

2.8. Statistical analysis

Unless stated otherwise, data are expressed as arithmetic
average ± standard error of mean and comparisons between groups
were made using a One-Way-ANOVA and post hoc Tukey multiple
comparisons test. A probability value P < 0.05 was considered sig-
nificant.

3. Results

3.1. GOS/lcFOS/lvPectin mixture regulates the LPS-induced weight loss in
mice

The body weights of all animals were determined once a week
throughout the experiment. As depicted in Fig. 2A, LPS-treated group
gained significantly less body weight compared to the control group.

The difference in body weight gain between LPS and PBS-treated ani-
mals seemed to be less when the LPS-treated animals receive the GOS/
lcFOS/lvPectin mixture (P=0.052). Lines of individual groups were
summarized as Areas-Under-Curve (AUC) and this summary measure
was used for statistics (Fig. 2B).

3.2. GOS/lcFOS/lvPectin mixture inhibits the LPS-induced increase in
neutrophils in the BALF

To evaluate the immunological response in the lungs, total BAL cell
count and macrophages, neutrophils and lympocytes were determined.
The total BAL cells and the amount of macrophages, neutrophils and
lymphocytes are increased in the LPS-exposed mice (Fig. 3A-D). The
increase in neutrophils in the LPS group tends to be diminished
(P= 0.058) by administration of the GOS/lcFOS/lvPectin mixture and
is significantly lowered when calculated as % of neutrophils from total
BALF cells (P= 0.048). No significant effect on the macrophages,
lymphocytes and total BAL cells was observed after GOS/lcFOS/
lvPectin treatment.

3.3. GOS/lcFOS/lvPectin mixture prevents the LPS-induced increase in Lm

The mean linear intercept, commonly used to quantify lung em-
physema, is significantly higher in the LPS-exposed animals compared
to the PBS-exposed animals with or without GOS/lcFOS/lvPectin
treatment (Fig. 4A). This higher level of Lm is significantly and com-
pletely prevented in the LPS-exposed mice that receive gavages with
GOS/lcFOS/lvPectin (Fig. 4A). Representative pictures from the Lm
measurement in the PBS-treated mice (Fig. 4B), the LPS-treated mice
(Fig. 4C) and the LPS-treated mice in combination with administration
of GOS/lcFOS/lvPectin (Fig. 4D) are depicted.

3.4. GOS/lcFOS/lvPectin mixture reduces the LPS-induced right ventricle
hypertrophy

Right ventricle heart hypertrophy was measured as an indication of
the development of lung emphysema. The LPS administration in this
lung emphysema model tends to cause right ventricle heart hyper-
trophy as shown in Fig. 5. The GOS/lcFOS/lvPectin mixture sig-
nificantly reduces the right ventricle heart hypertrophy.

4. Discussion

Chronic exposure to cigarette smoke in humans is associated with
the development of emphysema and chronic bronchitis. The pulmonary
inflammation and airway obstruction observed in smokers and COPD
patient could partially be attributed to the responses to LPS, which is
present in high concentrations in tobacco [39]. In this study, mice were
exposed to LPS by repetitive intranasal instillation during 4 weeks, and
this murine model showed similar characteristics as observed in COPD
patients.

In the present study, mice instilled with LPS showed a significant
decrease in body weight gain compared to the control group, which is
in line with other in vivo studies, where mice in different lung emphy-
sema models demonstrated a significant reduction in body weight gain
[40,41].

The number of inflammatory cells in BALF, including macrophages,
lymphocytes and neutrophils, were higher in the LPS-exposed mice, as
also observed by other authors [42–47]. The mean linear intercept, a
measure to quantify emphysema, was significantly higher after LPS
instillation. Previous studies demonstrated that chronic treatment with
LPS causes parenchymal architectural changes in the lung [48,49].
Pulmonary hypertension is a common complication of COPD and may
result in alterations in structure and function of the right ventricle of
the heart. In this study, right ventricle heart hypertrophy was detected
in the LPS-exposed mice, which was also shown in a guinea pig model

H. Janbazacyabar, et al. PharmaNutrition 10 (2019) 100163

3



Fig. 2. GOS/lcFOS/lvPectin mixture regulates the LPS-induced weight loss in mice.
Mice received a gavage with PBS or GOS/lcFOS/lvPectin (day -14 till day 28, 5 days/week) and were exposed to PBS or LPS twice a week for 4 weeks. Body weights
were determined once a week throughout the experiment. Values are expressed in % growth (body weight day X - body weight day -14)/body weight (-14) * 100%)
as mean ± SEM (A). Areas-Under-Curve (AUC) (in % growth) were calculated for statistical analysis as mean ± SEM (B). ***P < 0.001; significantly different from
control group, n=9–12 mice/group.

Fig. 3. GOS/lcFOS/lvPectin mixture inhibits the LPS-induced increase in neutrophils in the BALF.
Mice received a gavage with PBS or GOS/lcFOS/lvPectin (day -14 till day 28, 5 days/week) and were exposed to PBS or LPS twice a week for 4 weeks. At day 28 lungs
were lavaged and BALF was collected for total (A) and differential BAL cell counts, including macrophages (B), lymphocytes (C) and neutrophils (D). Values are
expressed as mean (x104)± SEM. **P < 0.01, ***P < 0.001; significantly different from control group, P= 0.058; compared to LPS group, n= 6–10 mice/group.
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after repeated LPS exposure [50]. This LPS-induced emphysema mouse
model was designed to assess the effects of NDO supplementation on
modulating inflammatory responses, as well as emphysematous phe-
notypes observed in COPD.

Some specific NDOs are known as functional food ingredients,
which promote the growth of beneficial bacteria in the gut and contain

gut health-promoting properties [51]. Besides the metabolic function of
the gut microbiota, the microbiota provides crucial signals for the de-
velopment and function of the immune system [52,53]. There is a vital
cross talk between the gastrointestinal tract and the respiratory system,
which are part of a shared mucosal immune system, called the gut–lung
axis [54].

In the present study, GOS/lcFOS/lvPectin supplementation de-
creased the neutrophil numbers in the BALF, whereas the lymphocyte
and macrophage numbers in the BALF were not affected. Verheijden
et al. [55,56] showed that dietary intervention with GOS or synbiotics
decreased the eosinophil numbers in the BALF in a murine house dust
mite-induced asthma model. Another study reported that dietary pAOS
improved the outcome of a Pseudomonas aeruginosa infection in the lung
by modulating the inflammatory and immune responses [20]. In addi-
tion, the findings of Schijf et al. [57] indicate that prophylactic dietary
intervention with GOS/lcFOS/pAOS can increase Th1 responses and
reduce the Th2 responses in the lung of respiratory syncytial virus in-
fected mice. Furthermore, feed supplementation with 1% GOS/lcFOS/
pAOS mixture in a preventive protocol, was able to reduce in-
flammatory cells in BALF following ovalbumin sensitization in murine
allergy model [30].

To our knowledge, there is no literature available about the effect of
non-digestible oligosaccharides on the alveolar wall destruction and the
development of cardiac hypertrophy. Hence, this is the first article
describing the beneficial effect of this specific NDO mixture on Lm
measurement and RV hypertrophy.

The underlying mechanism how these NDOs influence the lung
environment via oral application is still not entirely understood. First of
all, the gut microbiota interacts with the host immune system. NDOs
modulate the microbial composition and function, which have been
linked to alterations in immune responses in both the gut and the lungs,
confirming an immunological link between the gut and the lungs. One

Fig. 4. GOS/lcFOS/lvPectin mixture prevents
the LPS-induced increase in Lm.
Mice received a gavage with PBS or GOS/
lcFOS/lvPectin (day -14 till day 28, 5 days/
week) and were exposed to PBS or LPS twice a
week for 4 weeks. At day 28 lungs were fixed
in 10% formalin, embedded in paraffin and
morphometric assessment of emphysema was
determined by Lm analysis on H&E stained lung
sections. Values are expressed as mean
(μm)± SEM (A) with representative pictures
of H&E stained lung tissue from control group
(B), LPS group (C) and LPS group in combi-
nation with administration of GOS/lcFOS/
lvPectin (D). ***P < 0.001; significantly dif-
ferent from control group, ^^^P < 0.001; sig-
nificantly different from LPS group, n=5
mice/group.

Fig. 5. GOS/lcFOS/lvPectin mixture reduces the LPS-induced right ventricle
hypertrophy.
Mice received a gavage with PBS or GOS/lcFOS/lvPectin (day -14 till day 28, 5
days/week) and were exposed to PBS or LPS twice a week for 4 weeks. At day
28, the heart was isolated and the ratio of right ventricle weight to left ven-
tricle+ septum weight (RV/(LV+ S) was used as index of right ventricular
hypertrophy. Values are expressed as mean ± SEM. ^^P < 0.01; significantly
different from LPS group, n=6–10 mice/group.
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possibility is that microbiota can affect the mucosal and systemic im-
mune responses by the production of a wide range of metabolites, such
as short chain fatty acids (SCFA), produced upon bacterial fermentation
of NDOs. [58–60]. It is known that circulating SCFA can attenuate
airway inflammation via GPR41 and GPR43 receptors [61].

Besides the microbiota-dependent effects of non-digestible oligo-
saccharides, results from different in vitro studies from our group in-
dicated that galacto-oligosaccharides can also directly protect the in-
testinal epithelial barrier against different stressors [62–64].
Interestingly, in a recent publication, Rutten et al. [65] showed that the
intestinal integrity is disturbed in patients with COPD. Moreover, these
patients also showed increased small intestinal injury measured by
plasma concentrations of intestinal fatty-acid binding protein during
their activities of daily living. The increased intestinal permeability and
intestinal injury in COPD patients allows the paracellular infiltration of
pathogens, antigens and proinflammatory substances, which is sup-
posed to induce local or systemic inflammation [66].

In addition, even systemic effects of oligosaccharides have been
predicted, since Gnoth et al. [67] and Eiwegger et al. [68] showed in
vitro evidence for transport of human milk oligosaccharides and pre-
biotic NDOs, like GOS, across the intestinal epithelial layer. These
findings indicate that orally applied oligosaccharides are absorbed,
which was confirmed by the presence of (human) milk oligosaccharides
in the circulation (blood and urine) of breastfed infants [69] and piglets
fed a milk replacer supplemented with GOS [70]. When these NDOs can
reach the lungs, they could directly stimulate the airway microbiota,
which may affect the local immune cells and consequently modulates
the immune responses in the lungs.

5. Conclusions

Although there are drug treatments for COPD to control symptoms,
maximize pulmonary function and reduce exacerbation rates, none of
the available drug therapies reduce the progression of the disease. New
approaches that control the inflammatory and destructive processes in
the lung are urgently needed. Hence, the use of specific NDOs might be
an interesting therapeutic option for COPD patients by targeting the
gut-lung axis and affecting both pulmonary as well as extrapulmonary
effects. We have shown for the first time that pretreatment with the
specific NDO mixture of GOS/lcFOS/lvPectin effectively prevented al-
veolar wall destruction, right ventricle hypertrophy and neutrophil
infiltration into the lungs after LPS instillation. NDOs may be potential
candidates to prevent or treat (LPS-induced) COPD in the future.
However, further research is needed to elucidate the mechanisms by
which these oligosaccharides exert their beneficial effect on the lungs.

Animal experiments

The mice experiments described in the article have been carried out
in accordance with EU directive for animal experiments.
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